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Introduction:

Invasion and metastasis are the most dangerous characteristics of breast cancer and the most frequent causes
of breast cancer-related death. In normal mammary tissues, the cytokine transforming growth factor-1 (TGF-3)
acts to suppress tumorigenesis and block mammary epithelial cell (MEC) motility, invasion, and metastasis.
However, as pre-malignant MECs develop and progress, the cancer cells subvert the tumor suppressive effects
of TGF-B and convert TGF-f3 to a promoter of invasion and metastasis. The process by which malignant MECs
transform TGF-f from a tumor suppressor to a tumor promoter is termed the “TGF- Paradox.” Work in our lab
suggests that the protein tyrosine kinase (PTK) Abl may also play a part in TGF-f signaling; in this case TGF-f3
inhibits EMT and invasion through activation of Abl in MECs. Abl has already proven to be an important target
in chronic myelogeneous leukemia (CML), and the introduction of imatinib myselate (IM), an Abl inhibitor, has
revolutionized the treatment of CML. Several studies have shown that Abl activation is dysregulated in breast
cancer, suggesting that Abl kinase inhibitors could potentially be useful in preventing breast cancer progression.
However, other investigations have described several important tumor-suppressive pathways in MECs
regulated by Abl. I find that TGF-f can stimulate Abl activity, and increased Abl activity promotes maintenance
of an epithelial morphology, and inhibits EMT and invasion. I therefore hypothesized that TGF-} activation of
Abl is an important tumor suppressive pathway that serves to maintain tissue architecture in MECs. I endeavor
to define the mechanisms by which Abl is linked to TGF-f signaling, and to demonstrate the importance of Abl
activity in suppressing mammary tumorigenesis stimulated by TGF-[]. The experiments described here are
designed to test this hypothesis and further our understanding of TGF-f signaling in both normal and metastatic
MECs. This project has important bearing on the use of Abl inhibitors to treat breast cancer and seeks to shed
light on this critical issue. Ultimately, the context of Abl activation may determine whether Abl inhibitors are
beneficial in the treatment of breast cancer.

Body:

Task 1: Examine the effects of Abl activity on mammary epithelial cell (MEC) proliferation, motility, and
epithelial-to-mesenchymal transition (EMT) regulated by TGF-B (Months 1-12).

Through manipulation of Abl expression and activation in both normal murine mammary gland cells
(NMuMG) and malignant metastatic 4T1 cells, we defined Abl as a potent and critical regulator of MEC
morphology and response to TGF-B-induced EMT. Abl expression and activation was modulated in these cells
lines through expression of shRNA targeting c-Abl protein expression (shAbl), expression of either
constitutively-active (CST) Abl or kinase-dead (KD) Abl, or treatment with Imatinib (a pharmacological
inhibitor of Abl).

As seen in Figure 2 A and B in Appendix A, NMuMG cells expressing KD-Abl, NMuMG cells deficient
in Abl protein expression (shAbl), or NMuMG cells treated with Imatinib showed dysregulation of the actin
cytoskeleton and loss of epithelial cortical actin staining reminiscent of TGF-B-induced EMT; CST-Abl
expressing NMuMG cells retained cortical actin arrangement. Accordingly, human MCF10A MECs displayed
increased cell spreading in tissue culture when treated with Imatinib (Figure 2C, Appendix A). Furthermore,
NMuMG cells cultured in a compliant three-dimensional (3D) basement membrane-like gel formed nearly
perfect spherical acinar structures, while those treated with Imatinib formed more dysmorphic, branched
structures (Figure 2D, Appendix A). These striking morphological effects of Abl kinase manipulation led us to
investigate other classical markers of EMT. Through real-time (RT) PCR, we found that Imatinib treatment
decreased transcription of E-cadherin mRNA similarly to TGF-B, a hallmark of EMT (Figure 3A, Appendix
A), and Imatinib treatment also rapidly decreased E-cadherin protein expression as measured by Western blot
(Figure 3B, Appendix A). As EMT normally increases motility and invasiveness of normal cells, we subjected
NMuMG cells with varying levels of Abl kinase activity to an in vitro invasion assay. Expectedly, parental
NMuMG cells invaded more readily to a serum stimulus in the presence of TGF-p, however, NMuMG cells
expressing CST-Abl failed to invade even with TGF-B stimulation, and NMuMG cells expressing KD-Abl
invaded readily without TGF-p (Figure 3C, Appendix A). Finally, Abl-deficient NMuMG cells expressed
elevated basal levels of mesenchymal markers N-cadherin and vimentin, and the EMT-inducing transcription
factor Twist, indicating a constitutive EMT phenotype in Abl-deficient MECs (Figure 3D, Appendix A).
However, we were unable to detect any difference in proliferation in traditional tissue culture due to Abl
expression or activation (data not shown). These experiments clearly show Abl to be a critical regulator of
normal MEC morphology, motility, and the EMT response to TGF-f.

These striking results in normal cells led us to investigate Abl’s role in determining MEC morphology and
behavior in malignant metastatic 4T1 cells. As seen in Figure 4A Appendix A, expression of CST-Abl in 4T1
cells induced tighter cell-cell packing in 2D tissue culture, however, this effect was magnified when these cells
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were cultured in compliant 3D organotypic culture. Parental 4T1 cells and those expressing KD-Abl formed
large, branched structures in compliant 3D culture (Figure 4B Appendix A). In stark contrast, 4T1 cells
expressing CST-Abl formed much smaller spherical structures (Figure 4B Appendix A). These changes in
MEC morphology were also apparent when we stained 3D cultures for actin and DAPI (Figure 4C Appendix
A): 4T1 cells expressing CST-Abl formed more ordered structures with partial hollowing typical of normal
MECs. While both parental and CST-Abl-expressing 4T1 cells failed to growth arrest in response to TGF- in
rigid 2D tissue culture, culturing these cells in compliant 3D culture revealed a significant basal and TGF-B-
induced decrease in proliferation in the presence of CST-Abl (Figure 4D Appendix A). Significantly, culturing
parental 4T1 cells in compliant 3D culture restored their cytostatic response to TGF-B (Figure 4D Appendix
A), highlighting the importance of microenvironmental signals in determining the cellular response to TGF-p.

Task 2: Determine the molecular mechanisms by which Abl couples to TGF-f3 signaling in MECs. (Months
10-24)

Experiments to investigate the mechanisms underlying Abl interaction with TGF-3 receptors are underway.
Preliminary data indicates that TGF-3 stimulation results in a transient increase in Abl activation, followed by a
loss of Abl protein stability (data not shown). Furthermore, treating NMuMG cells with TGF-3 causes Abl to be
exported from the nuclear compartment coincident with the induction of EMT (data not shown). The
significance of these findings, as well as how Abl is activated by TGF- signaling, is under initial investigation
in accordance with the timeline for Task 2 and we anticipate completion of this task within the stated timeframe.
Additionally, through our work investigating the effect of Abl manipulation on MEC morphology (see Task 1
above), we discovered that expression of CST-Abl blocked both basal and TGF-B-stimulated induction of
matrix metalloproteinase (MMP) -9 and -3 secretion (Figure 6 A,B,C Appendix A). By treating 4T1 cells
grown in 3D organotypic culture with inhibitors for MMP 2/9 and 2/3 (Figure 7 A, B Appendix A), we
determined that activity of these MMPs is required for the branched morphology of parental 4T1 cells.
Therefore, Abl-mediated inhibition of MMP secretion is likely a critical mechanism by which Abl reverts the
morphology of metastatic 4T1 cells. Investigation into how Abl kinase activation may block MMP secretion is
underway.

Task 3: Manipulate Abl activation in metastatic MECs to assess its affects in regulating breast cancer
metastasis. (Months 18-36)

The exciting morphological effects of Abl expression and activity (see Task 1 above) led us to begin
preliminary studies on breast cancer metastasis early. We injected control and CST-Abl-expressing 4T1 cells
orthotopically into the #4 mammary glands of syngeneic female Balb/c mice (10,000 cells/animal, 12
animals/group) and measured primary tumor growth through caliper measurements. As expected, the control
4T1 cells rapidly formed palpable tumors and all animals in this group had to be euthanized by day 28 post-
engraftment due to primary tumor burden (Figure 8A, Appendix A). Remarkably, 4T1 cells expressing CST-
Abl failed to form detectable tumors. At day 28, 8 mice from this group were euthanized and mammary glands
inspected for primary tumor growth, however, no signs of tumor growth were found. The remaining 4 mice
were allowed to survive until study day 50, at which point this group was also euthanized. Incredibly, these mice
also remained free from signs of breast cancer (Figure 8A, Appendix A). In order to exclude injection error or
other anomalous events that could explain the results of this study, we genetically engineered control and CST-
Abl-expressing 4T1 cells to express firefly luciferase to enable sensitive bioluminescent imaging of injected
cells. We repeated the above study utilizing the luciferase-tagged cells and 3 animals per group. While control
4TI cells again rapidly formed palpable tumors detectable by bioluminescent imaging (Figure 8B, Appendix
A), CST-Abl-expressing cells became only transiently detectable through imaging before regressing to
undetectable levels (Figure 8B, Appendix A), consistent with the previous study. Incredibly, expression of
constitutively active-Abl rendered aggressive metastatic 4T1 cells innocuous in vivo.

Our data showing a tumor suppressive effect of Abl kinase activity (Figure 8, Appendix A), combined with
disappointing results from clinical trials of Abl kinase inhibitors in the treatment of human breast cancer (1, 2),
led us to hypothesize that Imatinib therapy would have no clinical benefit in the treatment of breast cancer.
Accordingly, we tested the efficacy of Imatinib monotherapy in mice orthotopically injected with 4T1 cells
(10,000 cells/animal). Imatinib treatment commenced on day 8 post-engraftment, and was administered orally at
50 mg/kg/day. In agreement with our hypothesis, Imatinib treatment offered no clinical benefit in reducing



primary tumor growth (Figure9 A,B, Appendix A) or metastasis (data not shown), and in fact, Imatinib
treatment tended to produce larger tumors (Figure 9 A,B, Appendix A).

Future animal studies focused on understanding the mechanisms underlying Abl involvement in TGF-§-
dependant signaling pathways are planned following the completion of Task 2. Regardless, these findings
establish Abl as a potent suppressor of breast cancer tumorigenesis and metastasis and caution against the use of
Abl kinase inhibitors in the treatment of human breast cancer.

Key Research Accomplishments:

* Abl kinase activity is required for maintaining normal mammary epithelial cell morphology

* Loss of Abl kinase activity induces a constitutive EMT transcription signature

* Expression of constitutively-active Abl induces phenotypic normalization of malignant metastatic MECs
in both 2D and 3D tissue culture

* Expression of CST-Abl drastically reduces proliferation of malignant metastatic cells in 3D tissue
culture

* Culturing malignant cells in organotypic 3D culture restores TGF-B-mediated cytostatis regardless of
genotype

* Expression of CST-Abl blocks MMP expression and secretion in malignant cells

* Expression of CST-Abl in malignant metastatic 4T1 cells completely blocks tumorigenesis and
metastasis in vivo

* Imatinib monotherapy offers no clinical benefit in the treatment of breast cancer

* Defining the mechanisms by which Abl couples to TGF- signaling is critical to understanding the TGF-
B paradox in breast cancer

* The tumor suppressive activities of Abl likely account for the failure of Abl kinase inhibitors in treating
breast cancer

* Abl kinase is established as a potent tumor suppressor in breast cancer and determinate of cellular
response to TGF-3

Reportable Outcomes:

» Poster presentation at the Keystone Symposia for Extrinsic Control of Tumorigenesis and Progression,
Vancouver, British Columbia, March 2009: “Transforming growth factor-beta suppresses breast cancer
tumor growth and progression through activation of Abl kinase” Tressa M. Allington, Amy J. Galliher-
Beckley, and William P. Schiemann

* Travel awards for Tressa M. Allington to attend the Keystone Symposia for Extrinsic Control of
Tumorigenesis and Progression March 2009

o Keystone Symposia Travel Award
o Department of Pharmacology Graduate Training Committee Travel Award
o University of Colorado Denver Anschutz Medical Campus Graduate School Hirs Travel Award

* University of Colorado Denver Anschutz Medical Campus Annual Student Research Forum Award for
Outstanding Research to Tressa M. Allington, February 2009

* Publication: Tressa M. Allington, Amy J. Galliher-Beckley, William P. Schiemann. “Activated Abl
kinase inhibits oncogenic transforming growth factor-f signaling and tumorigenesis in mammary
tumors.” Journal of Federation of American Societies for Experimental Biology (FASEBJ). 2009.

* Publication (in press): Tressa M. Allington, William P. Schiemann. “The Cain and Abl of EMT and
TGF-p Signaling.” Cells, Tissues, Organs. 2009.

* Publication: MK Wendt, TM Allington, WP Schiemann. “Mechanisms of the epithelial-mesenchymal
transition by TGF-beta.” Future Oncology. 2009.
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We have established Abl as a potent regulator of mammary epithelial cell morphology in both traditional
tissue culture and organotypic culture, as an inhibitor of EMT, a determinate of TGF-B-mediated cytostasis, a
potent inhibitor of MMP expression and secretion, and as a powerful tumor suppressor in breast cancer
progression. These findings suggest Abl agonists, as opposed to antagonists, may be beneficial in treating
patients with breast cancer. This funding award has allowed us to advance our understanding of Abl’s role in
TGF-P signaling, propose new ways to target breast cancer metastasis through Abl activators, and provides a
concrete explanation for the failure of Abl antagonists in the clinical setting. We continue to investigate the
mechanisms by which Abl participates in TGF- signaling, and our findings in this area have the potential to
help unravel the TGF-f paradox, to define the role of EMT in breast cancer metastasis, and to provide
alternative chemotherapeutic targets in order to advance the treatment of breast cancer.

“So What:” The redefining of Abl kinase as a potent breast cancer tumor suppressor is an extremely novel
finding and promises to open doors to a better understanding of the TGF- paradox and advance the use of
targeted chemotherapies in breast cancer.
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prostate cancer (28-35). Collectively, these clinical
trials have yielded mixed therapeutic results, and as
such, a definitive role for Abl in either suppressing or
promoting solid tumor progression remains uncertain,
Thus, it is clear that a deeper understanding of Abl and
its signaling systems in mediating solid tumor develop-
ment is required to facilitate the improved targeting of
this PTK in human cancers.

Because of the morphological changes associated
with EMT, in which adherens junctions dissolve to
enable cell spreading and motility, and to the estab-
lished functions of Abl in regulating actin cytoskeletal
reorganization, we hypothesized that Abl was an impor-
tant mediator of EMT and oncogenic signaling stimu-
lated by TGF- B in normal and malignant MECs. The
objective of this study was to test this hypothesis and to
establish the potential chemotherapeutic value of tar-
geting Abl PTK activity during oncogenic signaling by
TGF- B in breast cancer cells. Contrary to our expecta-
tions, we discovered a novel and exciting role for Abl as
an essential regulator of normal MEC morphology and
as a strong suppressor of oncogenic TGF- B signaling
during mammary tumorigenesis.

MATERIALS AND METHODS
Cell lines and retroviral vectors

Murine metastatic 471 and normal NMuMG cells were ob-
tained from American Type Culture Collection (Manassas,
VA, USA) and cultured in a humidified atmosphere at 37°C
with 5% CO , in Dulbecco’'s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (com-
plete medium) and in the case of NMuMG cells, with insulin
(10 pg/ml).

Retroviral vectors (pMSCV-hygromycin) encoding various
murine c-Abl (type IV) derivatives were generously provided
by Dr. Tony Hunter (Salk Institute, La Jolla, CA, USA) and
included kinase-dead (KD) Abl and constitutively active
(CST) Abl (13, 14, 26). Retroviral particles were produced by
cotransfecting individual retroviral (10 pg/plate) and pCL-
Eco (10 pg/plate) vectors into 70% confluent EcoPack2 cells
(Clontech, Mountain View, CA, USA) using LT1 liposomes
(Mirus, Madison, WI, USA). Forty-eight hours after transfec-
tion, medium containing the retroviral particles was col-
lected, passed through a 0.45- um syringe filter, diluted 1:1
with fresh complete medium, and supplemented with poly-
brene (4 pg/ml) prior to administration to target cells for
48 h (NMuMG or 4T1 cells at 60% confluency on 10-cm
plates). Transduced cells were isolated by hygromycin selec-
tion (100 pg/ml; Mediatech, Manassas, VA, USA), and the
resulting stable polyclonal populations of KD-Abl- or CST-Abl-
expressing cells were expanded. Differences in Abl protein
expression were monitored by immunoblotting whole-cell
extracts with an anti-c-Abl antibody (BD Biosciences, Franklin
Lakes, NJ, USA).

Lentiviral vectors encoding shRNA against murine c-Abl
(cat. no. RMM4534-NM_001112703; Open Biosystems, Hunts-
ville, AL, USA) or scrambled shRNA in pLKO.1 (plasmid
1864; Addgene, Cambridge, MA, USA) were cotransfected
(12 pg/plate) into 70% confluent 293T cells (American Type
Culture Collection) on 10-cm plates with the packaging
vectors pMD2.G (4 ug/plate), pRRE (2 pg/plate), and pRSV
(2 wg/plate) (Addgene) using LT1 liposomes. Transduced
cells were selected with puromycin (5 pg/ml), and the extent
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of Abl-deficiency was monitored by c-Abl immunoblotting as
above.

A pMSCV-puromycin-based retroviral vector (Clontech)
that encodes firefly luciferase was produced by subcloning the
luciferase gene from pGL3-luciferase (Promega, Madison,
WI, USA). Stable luciferase-expressing control (  j.e, empty
vector) and CST-Abl-expressing 4T1 cells were generated by
their transduction with pMSCV-luciferase-puromycin retrovi-
rus and selection with puromycin as above,

ATP consumption assays

Parental and Abl-manipulated NMuMG or 4T1 cells were
cultured on 10-cm plates, and on reaching 80% confluency,
were rinsed once with PBS and immediately lysed in buffer
H/0.1% Triton-X100 (37). The resulting whole-cell extracts
were clarified by microcentrifugation, and 700 pg of total
protein was immunoprecipitated with rotation overnight at
4°C with anti-c-Abl antibodies (BD Biosciences). Captured
immunocomplexes were washed twice with PBS and once
with kinase assay buffer (40 mM Tris, 20 mM MgCl ,, and 0.1
mag/ml BSA, pH 7.5) and subsequently were resuspended in
250 pl kinase assay buffer, which then was divided into 100- .l
aliquots that received either diluent or Imatinib myselate (10
1M; LC Laberatories, Woburn, MA, USA), a pharmacological

Abl kinase inhibitor. Abl protein kinase reactions were initi-
ated by addition of 100 pl of 2% kinase reaction cocktail,
which contained the Abl peptide substrate (10 pM; New
England Biolabs, Ipswich, MA, USA) and ATP (1 pM).
Positive controls contained activated Abll kinase (50 ng/
reaction; Cell Signaling, Boston, MA, USA), which repre-
sented maximal ( i.e., 100%) Abl kinase activity, Abl PTK
reactions were allowed to proceed at room temperature for
1 h under continuous rotation, at which point 50 pl was
removed, mixed with an equal volume of Kinase Glo-Max
reagent (Promega), and incubated at room temperature for
10 min. Luminescence was quantified over a 0.5-s integration
window on a luminescent microplate reader (Turner Biosys-
tems, Sunnyvale, CA, USA). Specific Abl kinase activity was
determined by subtracting the luminescence, measured in
relative light units (RLU), observed in Imatinib-containing
samples from that measured for their corresponding diluent
containing counterparts, which subsequently was normalized
to the RLU observed in Abl-positive control samples.

Three-dimensional (3-D) culture system

NMUMG or 4T1 cells were diluted to 3 10% cells/ml in
complete medium supplemented with 5% Cultrex reconsti-
tuted basement membrane (R&D Systems, Minneapolis, MN,
USA), and subsequently they were plated in 48-well plates on
top of a Cultrex cushion. Substrate stiffness was manipulated
by adding type | collagen (0-3 mg/ml; BD Biosciences) to the
Cultrex cushion. Cells were stimulated with TGF- 1 (5 ng/ml;
R&D Systems) in the absence or presence of the following
inhibitors: Imatinib myselate (20 pg/ml); MMP 2/3 (30 pM)
or MMP 2/9 inhibitor (500 nM) (Calbiochem, San Diego,
CA, USA); or DECMA-1/E-cadherin blocking antibody (0.5
mg/ml, Sigma, St. Louis, MO, USA). The medium/Cultrex
mixture was replaced every 3 d, and organoids were allowed
to grow for 4-7 d, at which point they were monitored by
bright-field photography. The resulting organoids also were
maonitored by 3-D proliferation assays using the MTS reagent
kit (Promega) according to the manufacturer's instructions.
Afterward, 100 pl of the medium/MTS mixture was trans-
ferred to a 96-well plate, and the absorbance at 450 nm was
determined on a microplate reader (Turner Biosystems).

ALLINGTON  ET AL.
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Figure 2. Abl inactivation morphologically mimics EMT induced by TGF-

KD-Abl scram shRNA shAbl

NMuMGs in 3D Culture
Untreated Imatinib

B in normal MECs. A) Direct actin immunofluores-

cence using FITC-conjugated phalloidin on Abl-manipulated NMuMG cells before and after their stimulation with TGF- B1(5

ng/ml) or those treated with Imatinib (20

na/ml) for 24 h as indicated. Images are representative of 3 independent
experiments. B) FITC-conjugated phalloidin immunofluorescence on control (
cells. Images are representative of 3 or 4 independent experiments.
€) Normal human MCF10A cells were cultured in the absence or presence of Imatinib (30

i.e, scrambled shRNA) or Abl-deficient NMuMG
scram scrambled shRNA; shAbl, Abl-targeting shRNA.
pg/ml) for 56 h, at which point

bright-field images ( X 70) were collected. Data are representative of 2 independent experiments. D) NMuMG cells were cultured

in compliant 3-D organotypic cultures in the absence or presence of Imatinib (20

wa/ml) for 5 d, at which paint bright-field

images ( X70) were collected. Insets: magnified views of boxed regions, Data are representative of 3 independent experiments.

Abl activation restores normal MEC morphology and
TGF- B-mediated cytostasis in metastatic MECs grown
in compliant microenvironments

Our findings in NMuMG cells, in which Abl inactivation
induced an EMT-like phenotype and transcriptional
signature, prompted us to ask whether expression of a
CST-Abl mutant to mimic Abl activation in metastatic
MECs could normalize and revert their morphologies.
Thus, we stably expressed CST-Abl in metastatic murine
4AT1 breast cancer cells, which resulted in low-level
CST-Abl protein expression (Fig. 1 A) that likely reflects
the significantly shortened half-life previously ascribed
to constitutively activated Abl kinases (40). However,
despite the relatively low level of expression, CST-Abl
cells did indeed possess significantly higher levels of
Abl PTK activity as compared to their parental counter-
parts (Fig. 1 B). In contrast, expression of the KD-Abl
construct in 4T1 cells resulted in elevated Abl protein
levels (Fig. 1 A) but no measurable increase in the levels
of Abl PTK activity (Fig. 1 B). Similar to NMuMG cells,
we found that expression of CST-Abl promoted stron-
ger cell-cell junctions and reduced the spreading of
4T1 cells in 2-D cultures ( Fig. 4 A). However, culturing
these same cells on compliant 3-D organotypic recon-
stituted basement membranes greatly magnified the
subtle morphological differences observed in 2-D cul-
ture (Fig. 4 B). Indeed, although both parental ( ie.,
empty vector) and KD-Abl-expressing 4T1 cells formed
large, irregularly shaped organoids characteristic of
malignant MECs, 4T1 cells that expressed CST-Abl
formed smaller acinar structures that were perfectly
spherical (Fig. 4 B). To confirm that the overall reduc-

tion in Abl protein expression observed in CST-Abl
cells was not responsible for the phenotypic reversion
of 4T1 cell morphology, we also cultured Abl-deficient
4T1 cells in 3-D organotypic cultures and observed a
phenotype that resembled that of their parental coun-
terparts (Fig. 4 B). Most strikingly, we found that paren-
tal 4T1 cells failed to form hollow acinar structures
when grown in compliant 3-D-organotypic cultures, an
expected outcome that was wholly consistent with the
aggressive tumarigenic phenotype of 4T1 cells (Fig.
4C). In stark contrast, culturing CST-Abl-expressing
4T1 cells under identical conditions resulted in their
formation of small, spherical acini that appeared to be
partially hollow (Fig. 4 C). This dramatic finding sug-
gests that Abl activation was capable ofi nducing the
morphological and phenotypic reversion of 4T1 cells.
Moreover, although expression of CST-Abl tended to
inhibit the proliferation of 4T1 cells, both parental and
CST-Abl-expressing 4T1 cells failed to undergo growth
arrest in response to TGF- B when cultured on tissue
culture plastic ( i.e., a stiffmicroenvironment; Fig. 4 D).
Quite surprisingly, significant proliferative differences
between these cell lines did manifest on their growth in
compliant 3-D organotypic cultures, which was wholly
sufficient in restoring the cytostatic function of TGF- B
(Fig. 4 D). Note that while we failed to observe any effect
of manipulating Abl expression or activity on the ability
of TGF- B to activate Smad2/3 and p38 MAPK (Supple-
mental Fig. 2), we did find that expressing CST-Abl
greatly potentiated the coupling of TGF- B to p21<*'
mRNA expression in 4T1 cells (Fig. 4 E). Thus, the
heightened induction of p21 “P' expression by TGF-
in CST-Abl-expressing cells may account for the signif-
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TGF- B1 (5 ng/ml), or both agents for 24 h as indicated.
Afterward, relative levels of E-cadherin mRNA were detected
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sponding GAPDH signals. Data are expressed as means =
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increasing concentrations of Imatinib (3-10  pg/ml) for
0-6 h as indicated. Afterward, altered E-cadherin expres-
sion was monitored by immunoblotting with anti-E-cadherin
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itor differences in protein loading. Accompanying graph
depicts ratio of E-cadherin/ B-actin signals. Data are from a
representative experiment that was performed 3 times with
similar results. C) Parental, CST-Abl-, or KD-Abl-expressing
NMUMG cells were induced to invade synthetic basement
membranes by a 4% serum stimulus, or by 4% serum plus
TGF-B1 (5 ng/ml) for 48 h. Data are means =+ se; n = 2,
D) Quiescent NMuMG cells expressing either a scrambled
(scram) or Abl-targeting shRNA (shAbl) were stimulated
with TGF-B1 (5 ng/ml) for 48 h. Afterward, the relative

mRNA expression levels of E- and N-cadherins, vimentin, and Twist were determined by semiquantitative real-time PCR.
Data are means =+ se; n = 3, *P < 0.01, *P < 0.05 vs. corresponding contral; Student’s  t test).

icant suppression in their proliferation relative to that
of their parental counterparts (Fig. 4 D). In addition, we
found that rendering normal MECs deficient in Abl
had no effect on their cytostatic response to TGF- J, as
parental and Abl-deficient NMuMG cells, both exhib-
ited similar extents of growth arrest when stimulated
with TGF- B (data not shown). Taken together, these
findings show for the first time that exposing aggres-
sive, metastatic mouse mammary carcinoma cells to
compliant microenvironmental signals reinstates their
cytostatic response to TGF- B, and in effect, partially
reestablishes the tumor-suppressing functions of TGF- B
in malignant MECs. Equally important, our findings
show that Abl activation is sufficient to phenotypically
and morphologically normalize the architecture of
metastatic mouse mammary carcinoma cells,

Our findings above clearly show the ability of com-
pliant organotypic cultures to restore the cytostatic
activities of TGF- B in metastatic breast cancer cells, a
physiological reaction that is independent of altered
genotypes. Along these lines, several studies have found
that increasing ECM stiffness and rigidity can promote
the development of malignant phenotypes in 3-D orga-

notypic cultures and that the nearly infinite stiffness of
2-D culture systems can mask important morphological
and functional differences that exist between normal
and metastatic MECs (41-43). We, therefore, investi-
gated the effect of ECM stiffness on the morphological
and proliferative responses of parental ( ie, empty
vector) and CST-Abl-expressing 4T1 cells to TGF- B. To
do so, we added increasing amounts of type | collagen
to the Cultrex basement membrane cushions, which
typically are compliant and possess an elastic modulus
approximating that of normal breast tissue, while sup-
plementation with type 1 collagen (3 mg/ml) approxi-
mates the stiffness of tumors and their accompanying
stroma (44). Figure 5A shows that parental 4T1 cells
became increasingly branched and dysmorphic in response
to increasing ECM stiffness, while their CST-Abl-expressing
counterparts were highly resistant to rigidity-induced mor-
phological alterations. Indeed, CST-Abl-expressing 4T1
cells formed considerably smaller organoids as compared
to parental 4T1 cells and failed to exhibit any overt
morphological alterations until the highest concentra-
tions of type | collagen were reached (3 mg/ml) (Fig.5  A).
Most important, ECM rigidity was observed to dose
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dependently override the cytostatic activities of TGF- B.
Indeed, parental 4T1 cells, which do not arrest growth
in response to TGF- 3 in 2-D cultures (Fig. 4 D), recov-
ered a cytostatic response to TGF- B when grown in
compliant 3-D organotypic cultures (Fig. 4 D). However,
increasing 3-0 organotypic culture rigidity dose depen-
dently reduced and ultimately ablated the cytostatic
response of parental 4T1 cells to TGF- B (Fig. 5B), a
finding consistent with a more malignant phenotype
elicited by increasing microenvironmental stiffness
(41-43). In stark contrast, 4T1 cells expressing CST-Abl
retained their ability to undergo cytostasis in response
to TGF- B even in rigid microenvironments (Fig. 5 B).
Collectively, these findings show for the first time that
Abl activation can override microenviromental signals
that promote tumorigenesis, and in doing so, can
dictate normal MEC morphologies that restore the
tumor-suppressing activities of TGF- B in metastatic
breast cancer cells.

Abl activation alleviates basal and TGF- B-induced
MMP expression and secretion

MMPs are enzymes capable of remodeling the ECM
through the cleavage of fibronectins, laminins, collag-
ens, and other components of the microenvironment,
and through the release of a variety of second messen-
gers that modify the ECM and cell behavior (45). A
number of MMPs have been shown ta be crucial for

+ se; n = 2-5.*P < 0.01, *P < 0.05 vs untreated parental 4T1 cells;

B1 (5 na/ml) for 24 h.

cancer cell motility, most notably MMPs 1-3 and -9
(46-49). In addition, in some contexts, TGF- [ pro-
motes cancer cell invasiveness by stimulating MMP
expression or activity (9-12). The striking role of Abl in
determining the morphological output of MECs in
response to altered microenvironmental tension (Figs.
4 and 5) led us to investigate a function for Abl in
regulating MMP expression and secretion. First, zymog-
raphy of parental and Abl-expressing 4T1 cells showed
that TGF- B readily induced MMP secretion in parental
and KD-Abl-expressing cells; however, medium condi-
tioned by CST-Abl-expressing cells contained markedly
less gelatinase activity (Supplemental Fig. 3 A). We also
sought to identify which specific MMPs were being
secreted by Abl-manipulated 4T1 cells through the
employment ofi mmunoblots and fluorimetric assays to
detect MMP expression and activity. We found that
TGF- B stimulated significant up-regulation of MMP-9
(Fig. 6) and MMP-13 (Supplemental Fig. 3 B), but it
downregulated that of MMP-3 (Fig. 6) in parental and
KD-Abl-expressing 4T1 cells. Significantly, both basal
and TGF- B-regulated secretion of MMPs 3, 9, and 13
was abrogated by CST-Abl expression in 4T1 cells (Fig.
6 and Supplemental Fig. 3 B). Again, to rule out the
possibility that Abl-deficiency (Fig. 1 A) was responsible
for these effects on MMP secretion, we also performed
immunoblot analyses to monitor MMP-3 and MMP-9
secretion by Abl-deficient 4T1 cells, which expressed
both MMPs in a manner identical to that of their
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induced proliferation and maintains TGF-
cytostatic response in metastatic MECs. Pa-
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eration were monitored by MTS assays . Data are expressed as means * se (n=3). * P < 0.01, *P < 0.05 vs. untreated

parental 4T1 cells; Student’s t test,

parental counterparts (Fig. 6 C). In addition, we found
that Abl deficiency was not sufficient to induce MMP
secretion in normal cells, as parental and Abl-deficient
NMuMG cells secreted similar levels of MMP-3 and
MMP-8 both basally and in response to TGF- B (data not
shown). Taken together, these results show that CST-
Abl is a potent and broad spectrum inhibitor of both
basal and TGF- B-stimulated production of MMPs in
metastatic breast cancer cells.

Considering the ability of CST-Abl expression to
inhibit secretion of several MMPs (Fig. 6) and to
dictate normal MEC morphology in 3-D organotypic
cultures (Fig. 4), we endeavored to block MMP
function pharmacologically in parental 4T1 cells to
attempt to recapitulate the effects of CST-Abl expres-
sion. To do so, we cultured parental and CST-Abl-
expressing 4T1 cells in compliant 3-D organotypic
cultures and found that treatment with inhibitors
against MMP2/3 and MMP2/9 both markedly re-
duced abnormal organoid branching and prolifera-
tion in parental 471 cells ( Fig. 7). Predictably, these
same experimental conditions had no measurable
impact on organoid formation in CST-Abl-expressing
cells. In view of the results involving NMuMG cells in
which maintenance of E-cadherin expression corre-
lated with normal MEC morphology (Fig. 3), we also
treated these same 4T1 cell lines with a neutralizing
E-cadherin antibody (DECMA-1) and observed a
dramatic increase in organoid size and dysmorphic
features only in parental 4T1 cells on E-cadherin
inactivation (Fig. 7). Treatment with a nonspecific
rat IgG (control) had no impact on organoid size
(data not shown). Collectively, these findings coa-
lesce to emphasize the importance of matrix remod-
eling and cell-cell contacts in determining MEC

morphology and behavior, as well as their response
to TGF- B.

Abl activation prevents 4T1 tumor growth in mice

Our findings thus far have shown Abl activation to pro-
mote normal MEC morphology, especially in compliant
3-D organotypic cultures and to restore the cytostatic
activities of TGF- B in malignant MECs, even when faced
with tumor-promoting signals elicited by rigid microenvi-
ronments (Figs. 4 and 5). We, therefore, asked whether
these findings had any bearing on mammary tumor
formation in mice by comparing the growth of
parental ( i.e,, empty vector) and CST-Abl-expressing
4T1 cells following their orthotopic injection into
syngeneic Balb/C mice (12 animals/cell line). In
doing so, all mice injected with parental 4T1 cells
developed palpable tumors by d 10, which then pro-
ceeded to grow exponentially over the next 2-3 wk
(Fig. 8 A), ultimately resulting in excessive tumor bur-
den and euthanization of the mice by d 28. Remark-
ably, not a single animal injected with CST-Abl-express-
ing 4T1 cells developed palpable tumors (Fig. 8 A). Atd
28, eight of the mice injected with CST-Abl-expressing
4T1 cells were euthanized and autopsied for signs of
tumor nodules, which again failed to provide evidence
of disease. The remaining 4 mice were allowed to
survive until d 57, at which point they too were sacri-
ficed and examined for evidence of disease. Quite
surprisingly, these mice also remained free from signs
of disease.

In an effort to exclude injection error or other anom-
alous events for the failure of CST-Abl-expressing 4T1
tumors to grow in Balb/C mice, we repeated these
analyses using 4T1 cells engineered to stably express
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ment that was performed 2 times with identical results.

luciferase, which enabled us to track the tumars through
bioluminescent imaging. A total of 6 animals were in-
jected with parental or CST-Abl-luciferase-expressing 4T1
cells, as described above. By d 10 postinjection, the
parental 4T1 tumors began to expand rapidly and form
palpable tumors that were readily traceable by biolumi-
nescent imaging (Fig. 8 B, C). In contrast, the CST-Abl-
expressing 4T1 cells were only detected transiently via
bicluminescent imaging, and as above, these cells once
again failed to form palpable tumars (Fig. 8 B, C). Indeed,
during the ensuing 25 d, the parental 4T1 cells again
formed large tumors similar to those noted above, while
their CST-Abl-expressing counterparts regressed to unde-
tectable levels (Fig. 8 C). Consistently, the limited expan-
sion of CST-Abl-expressing cells in vivo mirrored the
stunted proliferation of these cells in compliant 3-D
organotypic culture (Figs. 4 and 5). Thus, Abl kinase
activation affords protection against tumor progression in
a late-stage model of TGF- B-responsive breast cancer
(50-52). Moareover, these findings suggest that chemo-
therapies that target Abl inactivation are likely to offer
little clinical benefit in the treatment of breast cancer.

We tested the above hypothesis by monitoring the
efficacy of pharmacological Abl inhibition to reduce
primary tumor growth and metastasis in mice bearing
4T1 tumors. As above, 4T1 cells tagged with luciferase
were injected orthotopically into 12 Balb/C mice,
which uniformly developed tumors by d 8, at which
point, they were administered either diluent or Ima-
tinib (50 mg/kg/d, orally). By d 24, one Imatinib-
treated mouse showed signs ofl ethargy and weight loss,
and as a result, 3 control and 3 Imatinib-treated mice
were immediately euthanized. The remaining mice
were euthanized on d 27. Figure 9 clearly shows that
Imatinib provided no therapeutic activity against the
growth of 4T1 tumors in mice. In fact, Imatinib admin-
istration tended toward the production ofl arger tu-
mors compared to diluent-treated controls (Fig. 9).
Posteuthanasia imaging following removal of the pri-

mary tumors enabled us to sensitively visualize 4T1
metastases in these animals, and in doing so, we failed
to detect any significant differences in the metastatic
burden in these two experimental cohorts (data not
shown). Taken together, these findings clearly show
that Imatinib administration fails to effectively inhibit
the growth and metastasis of mammary tumors.

DISCUSSION

Abl has been studied intensely for its role in CML;
consequently, the mechanisms underlying oncogenic
signaling by the BCR-Abl fusion protein in hematopoi-
etic cancers is well established and understood (53).
Although dysregulated Abl PTK activity clearly pro-
motes tumorigenesis in hematopoietic cells, the role of
Abl in regulating tumorigenesis in epithelial tumors
remains controversial. Indeed, the difficulty in assign-
ing specific functions to c-Abl likely reflects the diversity
ofi ntrinsic ( ed, DNA damage and reactive oxygen
species) and extrinsic ( e.g, growth factors, cytokines,
and matrix molecules) signals that activate this PTK in
highly spatiotemporal manner within epithelial cells
(18, 54). Thus, the pathophysiolagical output of Abl
activation ultimately reflects a conglomeration of the
initiating signal, the cellular context, and the cellular
locale, wherein Abl is stimulated. With respect to
cancers of the breast, Abl activation has been associated
with enhanced breast cancer cell proliferation, inva-
sion, and survival, and with their transformation by Src
(18-22). Unfortunately, the overall significance of
these findings is limited by their failure to adequately
exclude off-target effects of Imatinib ( i.e, inhibition of
PDGFR, c-Kit, or DDR1), and by their inability to
translate these in vitro findings to in vivo models of
breast cancer development and pragression. Moreover,
Abl PTK inhibitors have been included in clinical trials
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Figure 7. MMP and E-cadherin inhibitors alter the morphol-
ogy and proliferation of metastatic MECs in 3-D organotypic
cultures. Parental and CST-Abl-expressing 4T1 cells were
cultured in the absence or presence of an MMP 2/3 inhibitor
(30 M), an MMP 2/9 inhibitor (500 nM), or a neutralizing
E-cadherin antibody (DECMA-1; 05 mg/ml) fo r 5 d in
compliant 3-D organotypic cultures as indicated. Differences
in cell morphology and proliferation were monitored by
bright field microscopy ( x70; A), or by MTS proliferation
assays (B). Insets: magnified views of boxed regions. Data are
means = se; n = 3, *P < 0.05 vs. untreated parental 4T1 cells;
Student’s t test).

for treatment of prostate, pancreatic, and other cancers
with limited success (28, 32-35). Along these lines,
three independent Imatinib trials recently were per-
formed in women with invasive breast cancer, and in all
cases, no clinical benefit was attributed to Imatinib
administration (29-31), In fact, one of these studies
found Imatinib to cause significant toxicity and to elicit
disease progression in breast cancer patients (29).
Thus, at face value, Imatinib administration appears to
be contraindicated for patients with developing breast
and other carcinomas, a suggestion bolstered signifi-
cantly by our findings showing that Imatinib was pow-
erless to slow the growth and metastasis of 4T1 tumors
in mice (Fig. 9). Moreover, this notion is consistent
with recent findings identifying Abl as being essential
for the ability of EphrinB2/EphB4 to suppress mam-
mary tumorigenesis (27). In addition, Abl-mediated
phosphorylation of Crk inhibits fibroblast migration

(55), while Imatinib administration initiates thyroid
cell migration via a HGF-dependent mechanism (56).
Clearly, the functions of endogenous c-Abl are many
and are subject to a variety of sensitive and diverse
contextual regulatory events that may, in fact, prefer-
entially suppress tumorigenesis in epithelial-derived
tumors (13, 15, 36).

Equally complex are the dichotomous roles played by
TGF- B in mediating stage-specific tumor suppression and
promotion, events that have frustrated the development
of chemotherapies capable of specifically targeting the
oncogenic activities of TGF- B in developing and progress-
ing human malignancies, including those of the breast
(57, 58). Interestingly, despite the pathophysiological
parallels that exist between TGF- B and Abl in epithelial
cells, a definitive role for Abl in mediating either the
tumor suppressing or promoting activities of TGF- B in
normal and malignant MECs remains unexplored. Our
study establishes a novel and potent tumor suppressing
function for Abl in determining not only the phenotypes
and morphologies of normal and malignant MECs, but
also their response to TGF- . For instance, rendering
normal MECs deficient in either Abl expression or activity
elicited morphological alterations and transcriptional sig-
natures reminiscent of EMT stimulated by TGF- 3 (Figs. 2
and 3). Conversely, constitutive Abl activation induced a
“hyperepithelial” morphology that wholly normalized and
reverted the phenotypes of metastatic breast cancer cells
both in vitro and in vivo (Figs. 4-8), and in part via
suppression of the MMP pathway (Figs. 6 and 7). Collec-
tively, our findings clearly implicate Abl as a suppressor,
not a promoter, of mammary tumorigenesis; they also
show that Abl activation overrides and circumvents the
oncogenic activities of TGF- B in malignant MECs, in part,
by inducing a mesenchymal-epithelial transition that phe-
notypically normalizes and reverts MEC architectures. It is
important to note that our findings in epithelial cells are
in stark contrast from those obtained in fibroblasts,
wherein TGF- B activation of c-Abl appears essential for
fibrogenesis by renal and lung fibroblasts. Indeed, in
these systems, Imatinib treatment is effective in blocking
the profibrogenic activities of TGF- B (59-62). The dispar-
ate actions of Imatinib in fibroblasts ( e.g, suppression of
fibrogenesis) and MECs ( e.g, promotion of tumorigene-
sis) does not preclude a tumor-suppressing function for
Abl in MECs and likely is explained by differences in cell
lineage and genotype and by the sum of various off-target
activities of Imatinib in these respective cell types.

Along these lines, our finding that Abl deficiency
induced EMT in normal MECs has important bearings on
the use of Abl kinase inhibitors in the treatment of breast
cancer, especially for localized tumors. Indeed, EMT has
become increasing recognized as an important early step
in local invasion and metastasis, and more recently, it was
found to confer stem cell-like properties on human MECs
to promote tumorigenesis (63). Thus, EMT induced by
administration of Abl PTK inhibitors could enable or
encourage the spread of otherwise premalignant tumors.
This finding alone contends that the use of Imatinib or
other Abl PTK antagonists is inadvisable for the treatment
of well-differentiated epithelial-derived tumors, findings
supported by our own preclinical Imatinib adjuvant stud-
ies.
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Figure 8. Abl activation prevents 4T1 tumor growth in mice. A) Parental and CST-Abl-expressing 4T1 cells were injected
orthotopically (10 * cells/injection) into female Balb/C mice (12 animals/cell line), and 4T1 tumor growth was measured using
digital calipers. B) Luciferase-expressing parental and CST-Abl-expressing 4T1 cells were engrafted onto the mammary fat pads

of Balb/C mice (6 mice/cell line) as in A. Primary tumor growth was monitored using digital calipers (squares) or
bicluminescent imaging (circles) measured as total flux ofl ight emitted from imaged animals. C) Representative images of
parental and CST-Abl-expressing 4T1 tumor-bearing mice imaged on d 0, 10, 17, and 21 postengraftment.

Equally important is our conclusion that Abl activation their cytostatic response to TGF- B. Moreover, we show
promoted the phenotypic and morphological reversion of that simply reintroducing ECM rigidity to these compliant
metastatic MECs in both 2-D and 3-D culture systems, cultures dose dependently inactivates the antiproliferative
results that clearly identify Abl as being a potent tumor activities of TGF- B, an untoward response that is abro-
suppressor in MECs. Perhaps even more remarkable was gated by Abl activation. It has long been argued that
our novel finding that culturing metastatic MECs that are “phenotypes dominate genotypes,” a statement referring
fully resistant to the antiproliferative activities of TGF- 3 in to the ability of the ECM and cell microenvironments to
compliant organotypic cultures was sufficient in restoring either suppress or promote tumorigenesis in a manner
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Figure 9, Imatinib administration fails to inhibit 4T1 tumor growth in mice.  A) Luciferase-expressing 4T1 cells were injected
orthotopically (10 * cells/injection) into female Balb/C mice. Palpable tumors were readily detected in all mice at d 8
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removed at d 24 and 27 postengraftment and weighed. Bars indicate mean tumor weight for each group (6 mice/group).
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independent of genotypic alternations in MECs (64).
Dramatic evidence supporting this idea was provided
originally by the pioneering work of Beatrice Mintz, who
demonstrated that normal mice could develop from blas-
tocysts injected with stable teratoma cells (65). In addi-
tion, injecting nuclei isolated from melanoma cells into
enucleated oocytes led to the generation of ES cell lines
capable of producing viable, healthy chimeric mice (66).
Finally, infecting chicken embryos with RSV  in ovoonly
elicited cellular transformation and tumor formation in
response to tissue wounding, a response mediated by
TGF- B (64). Thus, subjecting genotypically abnormal cells
to normal microenvironmental signals not only normal-
izes and reverts their malignant behaviors, but also im-
parts hormal cell architectures and morphologies in these
previously dysmorphic cells. Our findings clearly identify
Abl as an essential mediator of this morphological and
phenotypical reversion, and as a principle mediator that
oversees the cytostatic activities of TGF- 3. Indeed, a natu-
ral extension of our findings suggests that the identifica-
tion and characterization of novel small molecules capa-
ble of activating Abl allosterically will greatly improve the
therapeutic response of patients with metastatic breast
cancers,

Finally, our findings demonstrating that Abl activation
abrogated basal and TGF- B-induced MMP expression and
secretion in metastatic MECs presents a potentially novel
alternative for targeting MMPs therapeutically. In general,
administration of MMP antagonists have yielded disap-
pointing therapeutic efficacy in clinical trials (67, 68),
suggesting perhaps that alternative carcinoma-specific
strategies for targeting MMP production in cancer cells
may prove to be more effective than pan-MMP antago-
nism. As such, our findings indicate that measures capa-
ble of eliciting Abl activation may achieve this goal by
preventing the secretion and activation of the MMP
signaling cascade. Experiments designed to test this clin-
ically relevant hypothesis are currently ongoing. )
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